ABSTRACT: This Feature Article focuses on recent advances in the bioconjugation of surface-bound zwitterionic polymers for biospecific antifouling surfaces. Various approaches for the functionalization of antifouling zwitterionic polymers are systematically investigated, such as chain-end and side-chain functionalization. Sidechain functionalization methods can be further classified as those that are achieved through homopolymerization of custom-synthesized zwitterionic monomers equipped with reactive groups, or those that are achieved via synthesis of random or block copolymers combining different monomers with antifouling functionality and others with reactive groups. Several of the pros and cons of these approaches are outlined and discussed. Finally, some perspective and future directions of research are presented toward long-term stable, generically repelling surfaces that strongly and specifically adhere to a single component in a complex mixture.
■ INTRODUCTION
Antifouling coatings play a crucial role in mitigating the response to artificial materials in biological environments. They reduce the nonspecific adsorption of biomaterials, such as proteins and cells, minimizing unwanted biofilm formation and suppressing foreign body reactions and inflammations. This enables the successful in vitro and in vivo application of, for example, biosensors, 1 targeted drug delivery systems, 2 and biomedical devices 3 such as contact lenses, orthopedics, catheters, vascular stents, and grafts. Biosensors are devices that convert a biomolecular interaction into a measurable signal, ideally in a sensitive, specific, and quantifiable manner. 4 The biomolecular interaction is often achieved by immobilizing bioactive molecules on the surface of the sensors. These surfaces should be antifouling to prevent nonspecific interactions from interfering species, requiring functionalized antifouling coatings. 5 Achieving highly or even fully antifouling surfaces has gained importance, given the highly increased sensitivities of a wide range of biosensing techniques. Often it is, in principle, possible to measure biomarkers down to concentrations well below their bioavailability or physiologically relevant concentrations: techniques ranging from mass spectrometry 6 via fluorescence to surface plasmon resonance (SPR) 7 and surface-specific Raman analysis 8 are repeatedly reported to achieve this. Yet, in marked contrast, this does not easily translate to a workable outcome in day-to-day biosensing: the issue is increasingly not the signal but the noise. This noise is due to instrument-specific issues and to interfering surface−analyte interactions that are prevalent in complex biological mixtures, ranging from urine and serum to milk and other foods. For example, in SPR without bioactive antifouling layers, the signal from such complex biological matrices would be dominated by nonspecific interactions. This Feature Article focuses on strategies to prevent these interfering surface−analyte interactions and aims to briefly describe the state-of-the-art in surfaces that we have labeled as romantic: long-term stable coatings, not wanting to induce any interactions with any species around apart from the "object of desire", typically a biomarker present at low concentrations against a sea of other components. Pictorially this concept is indicated in Figure 1 .
The most common strategy to reduce nonspecific adsorption is to immobilize hydrophilic, antifouling polymers onto the material's surface. Different types of polymers have been used for this, including polysaccharides (dextran), polyacrylates, polyacrylamides, and poly(ethylene glycol) (PEG). 9 PEG has been the most popular choice, and different coating methods have been studied, including self-assembled monolayers 10−12 and polymer brushes. 13 Concerns about the oxidative stability 14, 15 and the discovery of anti-PEG antibodies 16 invoked more research on alternative materials. Whitesides and coworkers surveyed different classes of materials using selfassembled monolayers and found that a common feature shared by protein-resistant antifouling materials is their capability to strongly bind water. 17, 18 They postulated that antifouling materials in general should have the following properties: polar, hydrogen-bond acceptors, no hydrogen-bond donors, and electrically neutral. In addition, they observed that most of the known protein-resistant surfaces are based on displays of preferentially hydrated kosmotropes. 19 Based on these observations, a new class of overall neutral, antifouling polymers based on (kosmotropic) zwitterionic moieties, containing permanent positive and negative charges, was discovered. 20, 21 Until then, only zwitterionic phosphoryl choline-containing polymers were known for their antifouling properties, 22−24 inspired by their abundant presence in thrombo-resistant cell membranes. 25 However, also polymer brushes of acrylates and acrylamides with sulfobetaine and carboxybetaine moieties (Figure 2A ) have shown excellent antifouling behavior in complex media, such as undiluted blood and plasma. 26−28 In addition, zwitterionic brushes are very stable in aqueous media: for example, sulfobetaine brushes grafted from silicon nitride showed no signs of degradation after continuous exposure in phosphatebuffered saline for 7 days. 28 Also no degradation was observed for sulfobetaine methacrylamide polymers in solution, even after 1 year of exposure to acidic (1 M HCl) and basic (1 M NaOH) conditions at ambient temperature. 29 The excellent hydrolytic stability can be attributed to the steric shielding of the ester and amide groups by the polymer backbone, since the monomers themselves showed hydrolysis upon prolonged exposure. 29 The excellent stability and antifouling properties of zwitterionic polymer brushes make them good candidates for incorporation in bioactive layers of biosensors. The low degree of interaction and biocompatibility/low immunoactivity of such zwitterionic polymer brushes make them increasingly useful as coatings for, e.g., implants. 30, 31 In this Feature Article, an overview is given of various approaches toward the biofunctionalization of zwitterionic brushes. Biofunctionalization requires the integration of reactive sites for the coupling of bioactive elements. We will discuss different strategies for introducing such reactive sites by exploiting specific characteristics of the brushes, such as sidechain or chain-end modification, random or hierarchically structured copolymer brushes, and the development of zwitterionic monomers with intrinsic reactivity ( Figure 2B ). Last, some perspective and future directions of this research field are presented.
■ CHAIN-END BIOFUNCTIONALIZATION
Most antifouling zwitterionic brushes are prepared using controlled polymerization techniques, like atom-transfer radical polymerization (ATRP), on surfaces functionalized with an appropriate polymerization initiator. 32 After an ATRP-based surface-initiated (SI) polymerization, the active chain ends (typically a Br atom) are preserved, and this presents an opportunity for further functionalization. 33 In the case of polymer brushes prepared with ATRP, the terminal alkyl halides can be post-polymerization functionalized using nucleophilic substitution reactions. 34, 35 In 2011, our group demonstrated the viability of this method for zwitterionic polymer brushes, 36 using sulfobetaine methacrylate (SBMA) brushes grafted by SI-ATRP from α-bromoisobutyryl initiator-functionalized silicon nitride surfaces ( Figure 3 ). The terminal alkyl bromides of the SBMA polymer chains were subsequently reacted with a trifunctional tris(2-aminoethyl)amine linker. This yielded amine-terminated brushes, which were further reacted with a bis-N-hydroxysuccinimide (NHS) linker to provide active ester-functionalized surfaces. To show the effectiveness of this approach, antiSalmonella antibodies were subsequently immobilized onto the SBMA brushes through reaction of free amine groups present in the antibody with the NHS-activated esters. The resulting surfaces not only showed excellent protein repellence but also were highly efficient in capturing Salmonella bacteria.
Chain-end functionalization of zwitterionic sulfobetaine methacrylamide (SBMAA) polymer brushes could also be achieved by nucleophilic substitution of the terminal halide with an azide. 37 This enabled further reaction using a strainpromoted alkyne−azide cycloaddition (SPAAC) to attach a biotin ligand. More recently, the versatility of this method was further demonstrated by applying it on poly(2-methacryloyloxyethyl phosphorylcholine) (polyMPC) 38, 39 and poly-SBMAA 40 brushes. As examples, azide, alkyne, and o-quinone moieties could be introduced at the chain ends of the brushes, allowing subsequent functionalization with terminal alkynes 38, 39 and cyclooctynes, 40 with azides, 40 or with cyclooctynes and cyclopropenes, 41 respectively. This allowed, e.g., coupling with biotin and mannose to zwitterionic brush-coated beads for the specific binding of streptavidin or concanavalin A (ConA), respectively, from complex biological media ( Figure 4A ). These polySBMAA-coated beads showed highly selective binding of Figure 3 . SI-ATRP of sulfobetaine methacrylate, followed by nucleophilic substitution of the brush's terminal halide to create an amine-terminated zwitterionic layer. After reaction with a bifunctional NHS-activated ester, anti-Salmonella antibodies could be covalently bound. 
■ SIDE-CHAIN BIOFUNCTIONALIZATION: HIERARCHICALLY STRUCTURED BLOCK COPOLYMERS
In the case of a controlled surface-initiated polymerization (e.g., SI-ATRP), the presence of the active, or living, chain ends can also be exploited by grafting a second bioactive polymer segment on top of the antifouling brush. For example, Kitano et al. prepared SBMA polymer brushes and extended the polymer brush with a short second block of N-methacryloyloxy succinimide (MAOS), thus offering a reactive group for biomolecule immobilization ( Figure 5A ). 42 Concanavalin A could subsequently be bound to the polymer brush through the NHS-activated acrylates. The concanavalin-functionalized copolymer brush showed specific interaction with colloidal gold particles decorated with mannose residues, as observed by the localized SPR. It was noted that there was not a significant difference in bound protein as a function of the length of the MAOS segment. A drawback of using MAOS is the instability of the NHS ester, which hydrolyzes in water within 3 h. For practical application, these surfaces would therefore need to be stored in a dry environment or used immediately after preparation.
One of the most used detection elements in biosensors are antibodies. For an optimal capture efficiency, it is important that the structure of the antibodies is preserved after immobilization on the biosensor surface and that the antigen binding sites are accessible, 44 as up to 2 orders of magnitude increases in sensitivity can be obtained in this manner. 45 The strong waterbinding capacity of zwitterionic polymers contributes to stabilization of the antibodies on these surfaces by inhibiting denaturation.
46−48 Ishihara and co-workers developed a method to orient antibodies on top of 2-methacryloyloxyethyl phosphorylcholine (MPC) polymers. 43 To enable antibody immobilization on top of the MPC polymer brushes, they created a block-type polymer with a short (∼5 monomers) 2-aminoethyl methacrylate segment on top of the MPC polymer brushes ( Figure 5B ). They compared different modes of antibody immobilization: randomly oriented by physisorption, partially oriented by antibody binding to randomly physisorbed staphylococcal protein A (SpA), and antibody bound to surfaceoriented SpA ( Figure 5C ). In the last case, the SpA protein was covalently coupled to the amino groups on the surface via enzymatic oxidation of the SpA tyrosine residues to o-quinones using tyrosinase. This resulted in oriented binding, because the tyrosine residues are predominantly located at the back side of the SpA protein's Fc binding site. The oriented antibodies showed significantly higher binding efficiency (80% reacted with two binding sites) and 100-fold higher binding affinities compared to the random and partially oriented antibodies.
A drawback of using block copolymers is that the introduction of a reactive second block can reduce the antifouling performance. For this reason, the choice of the second block thickness is a trade-off between preserving antifouling properties and maximizing the binding capacity. This was also seen by Iwata et al., who grafted a block copolymer of MPC and glycidyl methacrylate (GMA). 49 Reacting the epoxy groups in the GMA block with dithiothreitol (DTT) enabled subsequent oriented antibody immobilization by disulfide bridge formation with Fab′ fragments that could subsequently site-specifically bind a mouse Figure 5 . Two-step block copolymer brush synthesis, followed by covalent immobilization of protein concanavalin A (A) 42 or covalent antibody binding mediated by SpA (B). 43 (C) Different modes of antibody immobilization onto the block copolymer brush shown in (B). IgG (the antigen). The block copolymers showed higher binding densities of Fab′ fragments and higher activity toward mouse IgG compared to a monolayer with epoxide moieties, due the presence of the MPC polymer segment. However, the antifouling properties were reduced compared to those of MPC homopolymer brushes.
■ SIDE-CHAIN BIOFUNCTIONALIZATION: RANDOM COPOLYMERS
Another strategy for the biofunctionalization of zwitterionic polymers uses random copolymers that combine antifouling monomers with biofunctionalizable monomers. This approach allows a significant loading of an antibody. For example, the random copolymer poly[2-methacryloyloxyethyl phosphorylcholine-co-n-butyl methacrylate-co-p-nitrophenyloxycarbonyl poly(ethylene glycol) methacrylate] (PMBN) was physisorbed on microwell surfaces ( Figure 6 ). Subsequently, antibodies were attached by nucleophilic substitution of the reactive pnitrophenol ester groups. The immobilized antibodies showed high binding capacity while maintaining the antibody activity over a significant period (>60 days). 50 This polymer was also successfully tested for application on quartz crystal microbalance immunosensors 51 and beads for bioaffinity separation ( Figure  6B ). 52 The presence of functional monomers in random copolymers can also reduce the antifouling properties. Therefore, optimization of the ratio between the zwitterionic monomer and functional monomer is needed to optimize the antibody loading and antifouling properties. Iwasaki and co-workers demonstrated this for a copolymer of MPC and methacrylic acid (MAA) synthesized by reversible addition−fragmentation chain-transfer (RAFT) polymerization. 53 Subsequent aminolysis yielded a thiol-terminated copolymer, which was grafted to gold-coated SPR biosensor chips. Copolymers with 79% MPC and 21% MAA showed a minimal amount of fouling, near the low level observed for MPC homopolymers, while polymers with larger MAA content showed significantly more fouling. The methacrylic acid groups were activated with NHS/EDC chemistry to covalently couple biotin to the surface. The SPR chips were able to detect avidin in blood plasma with a limit of detection (LOD) of 1.5 nM (100 ng/mL), much lower than the LOD (150 nM) of biotinylated carboxylic acid monolayers. Later they improved the platform by using a clickable monomer, propargyl methacrylate (PMA), instead of MAA. 54 In this case, the optimal composition was 55% MPC and 45% PMA. The smaller amount of MPC indicates that apparently the propargyl moieties have less of a disturbing effect on the antifouling properties than the carboxylic acids. This larger fraction of propargyl moieties enabled a large loading of biotin and a slightly lower LOD of 0.95 nM for capture of streptavidin.
The random copolymer approach has also been applied for oriented antibody immobilization. Iwasaki et al. reported an MPC-GMA random copolymer 55 and reacted the epoxy groups with DTT for immobilization of anti-mouse IgG Fab′ fragments via a thiol−disulfide interchange reaction, similar to that described above for the MPC-GMA block copolymers. Song et al. also used GMA as a functional monomer but used SBMA as the antifouling zwitterionic monomer. 56 The epoxy groups were further functionalized by attaching to them a boronic acid, which is reactive toward diols present in the carbohydrate moieties on the Fc chains of antibodies. This allowed site-specific immobilization of antibodies by coupling to the boronic acid residues in the polymer. These brushes showed a 6 times better signal-to-noise ratio compared to GMA homopolymer brushes. The boronic acid−diol binding is reversible at high and low pH values. The presence of the SBMA monomer led to an improved release of bound antibodies at higher pH.
Most studies on "romantic surfaces" focus on in vitro biosensing. Recently, Trapiella-Alfonso et al. studied the specific targeting of tumor cells in vivo by zwitterionic fluorescent quantum dots (QDs) (Figure 7) . 57 They used RAFT polymerization to synthesize a copolymer of SBMAA and an oligo-(ethylene glycol) acrylamide with an clickable azido function. A short second block of 4-vinylimidazole was subsequently added as an anchor for attaching the polymer to the QDs. Integrintargeting arginylglycylaspartic acid (RGD) peptides were coupled via a SPAAC reaction to the azide groups. The RGDfunctionalized QDs specifically adhered to integrin-presenting cell lines in vitro. However, the in vivo uptake of the zwitterionic RGD-functionalized QDs in mice bearing tumors did not show significant differences compared to that of nonfunctionalized QDs, but prolonged circulation times in blood were observed. Li 50 (B) Schematic representation of the antibody functionalization of polymer nanoparticles using the physisorbed polymer depicted in (A), yielding nanoparticles that can be used for affinity-based separation methods. et al. developed a similar approach based on zwitterionic nanogels, by copolymerizing ornithine methacrylamide with fluorescent cross-linkable carbon dots (CCDs). 58, 59 By functionalizing the nanogel carriers with folic acid using NHS/ EDC chemistry, they showed in vitro selective uptake of these nanogels in cancer cells overexpressing folate receptors.
■ SIDE-CHAIN BIOFUNCTIONALIZATION: CARBOXYBETAINE (CO)POLYMERS
The lack of reactive groups in the sulfobetaine and phosphorylcholine zwitterionic polymers fueled the development of the chain-end functionalization and copolymer strategies. However, carboxybetaines offer the opportunity of direct functionalization by NHS/EDC activation of carboxyl groups. 60 The simplicity of this approach has made it a popular choice for developing romantic surfaces for various applications. 27 For example, antibodies against activated leukocyte cell adhesion molecule (ALCAM, CD 166) were immobilized on carboxybetaine acrylamide (CBAA) brushes on gold-coated SPR chips ( Figure  8 ). 61, 62 After functionalization and subsequent deactivation of the remaining NHS ester groups, the nonspecific protein adsorption remained ultralow (<3 ng cm −2 from undiluted blood plasma), and ALCAM was detected with a LOD of 10 ng/ mL, which was 10 times lower than that observed with an antibody-functionalized PEG-based SAM. Jiang and co-workers had demonstrated the versatility of this platform for other applications such as glucose biosensors, 63 silicon microring resonators for label-free biosensing, 64 paper-based sensors, 65 and 96-microwell plates. 66 Not only is lowering the background signal by using antifouling coatings important for optimal detection with biosensors, but also maximizing the loading of the sensing element contributes to improved detection efficiency. Maximizing the loading is typically done by creating low-density hydrogel layers, enabling the sensing elements to bind not only on top of but also inside the polymer network. 67 Jiang and coworkers developed hierarchical two-layer structures based on carboxybetaines ( Figure 9) . 68, 69 The first layer is a dense polymer brush with excellent antifouling properties. On top of this first layer, a second layer was grown with a lower density of polymer chains, enabling a high loading capacity for immobilization of antibodies inside the low-density polymer layer. Loading capacities of 800−1300 ng cm −2 were observed, which were 3−5 times higher compared to those found with a one-layer platform.
The simplicity and effectiveness of carboxybetaines for biofunctionalization also make it possible for their monomers to be used in copolymer-based approaches in combination with non-zwitterionic antifouling polymers. For example, surfaces with a hierarchical block copolymer were synthesized with a first block of oligo(ethylene glycol) methacrylate and on top a second block of CBAA. 70 Lísalováet al. studied random copolymers of the antifouling monomers N-(2-hydroxypropyl) acrylamide (HPMA) with CBMAA as the biofunctionalizable monomer. 71, 72 They observed that a high loading of biorecognition elements leads to increased fouling from blood plasma. Therefore, a careful optimization of the loading capacity was performed to maintain the ultralow fouling properties (<5 ng cm −2 ). By attaching a DNA-ON probe, a successful detection of microRNA (miR-16) in 50% blood plasma could be achieved with a LOD of 6 nmol L −1 .
■ SIDE-CHAIN BIOFUNCTIONALIZATION: ZWITTERIONIC POLYMERS WITH INTRINSIC REACTIVITY
In the examples discussed above with antifouling copolymer brushes, two monomers were needed to impart the overall polymer brush coating with "romantic features". That is, one monomer, typically zwitterionic in nature, provides the antifouling character to the brush, while a second monomer, equipped with a reactive handle, is used to immobilize the biorecognition element (e.g., protein or antibody). While this second monomer is not necessarily present with a high fraction inside the brush to bind the typically large biomolecule, there is still an inherent trade-off between good antifouling performance and biofunctionalizability. To overcome this trade-off, our group designed and synthesized an intrinsically zwitterionic sulfobetaine monomer that is also equipped with a reactive azide group (Figure 10) . 73 As a result, when this monomer is used to grow a polymer brush, the introduction of reactive groups inside the brush does not occur at the expense of the zwitterionic character of the brush. In contrast, regardless of the loading of this functionalizable sulfobetaine monomer, all monomer units in the copolymer brush are permanently zwitterionic, maintaining the overall charge neutrality of the brush and thus minimizing charge effects in the potential physisorption of unwanted proteins.
(Random) copolymerization of the azide-containing sulfobetaine (typically 1−5%) together with a standard sulfobetaine monomer resulted in antifouling copolymer brushes that performed equally well in antifouling experiments as the corresponding unfunctionalizable poly(sulfobetaine) brush, as could be concluded from fibrinogen fouling experiments, probed by reflectometry (Figure 10 ). However, upon reacting the azide groups in the copolymer brushes with a biotin-linked bicyclooctyne derivative via a strain-promoted click reaction, the biotin-containing copolymer brushes were able to selectively bind streptavidin from a protein mixture. 73 Overall, the availability of a functionalizable and zwitterionic monomer that can be (co)polymerized in a brush allows for a high degree of loading of the desired biorecognition element, without loss of the antifouling performance.
Independent from our work on a zwitterionic sulfobetaine with an azide-based "click handle", Hu and Emrick reported a phosphorylcholine-based zwitterionic monomer equipped with an alkyne "click handle" (Figure 11 ). 74 While the authors did not specifically address the use of this monomer for the synthesis of biofunctionalizable antifouling brush coatings, they do note and demonstratethat this monomer provides access to functional zwitterions, hydrogels, fluorophores, and prodrugs.
Their use of an alkyne handle in the zwitterionic monomer means that an azide−alkyne cycloaddition can only be catalyzed by Cu(I) and cannot be strain-promoted (as was possible in the case of the azide-containing sulfobetaine (Figure 10) ). In the former case, undesired interactions between the charged Cu(I) ion and the zwitterionic brush might interfere with the CuAAC reaction, orin contrastsubsequent binding of Cu ions to the brush might take place, yielding, e.g., undesired copper-induced effects on living cells in the case of the use of such romantic surfaces where they matter most: in living matter. To eliminate the need for a Cu(I) catalyst, the thiol−yne click reaction could be an alternative functionalization strategy. 75 
■ OUTLOOK
The rise of biospecifically interacting surfaces over the past decade holds great promise for the development of future diagnostics, in which instrumental developments toward very high signals can be coupled to a reduction of the (bio)chemical noise. A wider application of these romantic surfaces is therefore to be rapidly expected. Such applications are only further facilitated by the development of light-induced living polymerization methods, which allow for an easy patterning of surfaces. 32, 76 Wide-spread adoption will also be further catalyzed by emerging polymerization methods that are not as sensitive to oxygen as standard SI-ATRP reactions. 77, 78 This will enable the large-scale production of bioactive antifouling biomedical devicesfor example, for point-of-care diagnostics.
The zwitterionic polymers also hold great potential for in vivo applications because of their low immunoresponse. This, for example, improves the circulation time of drug-carrying nanoparticles. 79 Nanoparticles that show longer circulating times have a higher probability to reach their target, which improves their therapeutic efficacy. However, the nonfouling character of these particles also reduces their cellular uptake. 80 Decorating these particles with biorecognition elements could overcome this limitation and even induce specific targeting of the nanoparticles. Research in this direction will contribute to development of effective targeted drug-delivery systems. Similarly, antifouling surfaces have been shown to be very effective as the outermost part of, e.g., hip implants. 81−83 The combination of such minimally immunogenic, antifouling brushes with specific wound-healing components would further increase the effectiveness of implants in humans.
The concept of generically protein-repelling surfaces has now taken firm hold, but the background for this is still not fully understood. As a point in case, the group of RodriguezEmmenegger developed a non-zwitterionic class of brushes based on N-(2-hydroxypropyl)methacrylamide (HPMA) that is nevertheless highly antifouling. 84 Since the water-binding capacity of HPMA is evidently lower than that of zwitterionic brushes, yet the antifouling capacity is of a comparably high quality, there are likely more factors involved. A further optimization of such antifouling surfaces 85 can only take place upon deepening our knowledge into these factors, which then, we hope, can be followed up by "romanticizing" such surfaces as well.
Finally, a next step would be to combine biospecific interactions with self-healing characteristics. As a first step, our group developed a series of self-healing antifouling surfaces, which can withstand various sorts of mechanical and chemical damage to recover the antifouling characteristics. 86−88 Implementation of biospecific recognition in such coatings would be a logical next step, which is currently under investigation in our laboratories.
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